Objectives: Severe acute pancreatitis is a highly lethal disease caused by systemic inflammatory response syndrome, leading to multiple organ failure. We recently showed that histidine-rich glycoprotein (HRG) supplemental therapy ameliorated septic acute respiratory distress syndrome due to unnecessary neutrophil activation and immunothrombosis formation. Here, we evaluated the effect of HRG on lung inflammation followed by pancreatitis in a severe acute pancreatitis mouse model.
A cute pancreatitis is an acute abdominal disease caused by an excess intake of alcohol, hyperlipidemia, or cholelithiasis. 1, 2 Although premature activation of digestive enzymes is the first step in acute pancreatitis, inflammatory reactions provoke general symptoms. [1] [2] [3] The facilitation of vascular permeability leads to an extravasation of plasma, a decrease in circulating blood volume, and thus circulatory distress. 1, 2 The activation of neutrophils plays a crucial role in the development of systemic inflammatory response syndrome caused by acute pancreatitis. [4] [5] [6] Bacterial infection is a serious complication of acute pancreatitis, which leads to acute lung injury, acute kidney injury, and multiple organ failure with high morbidity and mortality. [7] [8] [9] [10] Histidine-rich glycoprotein (HRG) is a 75-kDa plasma glycoprotein, which is produced in the liver and secreted to the whole body. [11] [12] [13] It binds to various substances and shows pharmacological activity, such as antimicrobial, [14] [15] [16] [17] antiangiogenic, [18] [19] [20] anticoagulation, 21, 22 and antifibrinolysis activity. 23, 24 In our previous study, in which we investigated the effects of HRG on neutrophil functions, HRG facilitated the passage of neutrophils through microvessels by changing their shape, and it prevented the unnecessary activation of neutrophils. 6 Because neutrophil adhesion to the inflammatory site is the first step in the development of acute respiratory distress syndrome secondary to pancreatitis, in the present study we examined the effects of HRG on neutrophil functions by using an animal model of pancreatitis induced by cerulein. We also applied lipopolysaccharide (LPS) to evaluate acute lung injury, which is a life-threatening complication of systemic inflammatory response syndrome after acute pancreatitis.
MATERIALS AND METHODS

Reagents
Human serum albumin (HSA), phosphate-buffered saline (PBS), cerulein and LPS (Escherichia coli O55:B5) were purchased from Sigma-Aldrich (St Louis, Mo). Rat-derived antimouse Gr-1 fluorescein isothiocyanate was purchased from eBioscience (San Diego, Calif ). Rabbit-derived antihuman HRG polyclonal antibody was created in our laboratory. Goat-derived antirabbit IgG antibody was purchased from MBL (Nagoya, Japan). D-Phenylalanyl-arginyl chloromethyl ketone was purchased from Cayman Chemical (Ann Arbor, Mich). Aprotinin, leupeptin, and benzylsulfonyl fluoride was purchased from Wako Pure Chemical Industries (Osaka, Japan). Nafamostat mesylate was purchased from Tokyo Chemical Industry (Tokyo, Japan). Benzamidine hydrochloride was purchased from nacalai tesque (Kyoto, Japan).
Animals
This study was approved by the Committee on Animal Experimentation at Okayama University School of Medicine, Dentistry and Pharmaceutical Sciences, Okayama, Japan. All animals were cared for in compliance with the Principles of Laboratory Animal Care formulated by Okayama University School of Medicine, Dentistry and Pharmaceutical Sciences. Male C57BL/6N mice at 8 to 9 weeks of age weighing 22 to 25 g were purchased from Japan SLC (Shizuoka, Japan).
The animals were housed in a temperature-controlled room at 23°C and maintained in an alternating 12-hour light/12-hour dark cycle (lights on at 6:00 A.M.). A certified diet and water were provided ad libitum. Animals were deprived of food for 12 hours preceding the start of experiments.
Cerulein-Induced Acute Pancreatitis With Endotoxemia
Mice were randomly allocated to 1 of the following 6 groups: sham, cerulein, LPS, cerulein + LPS + PBS, cerulein + LPS + HSA, or cerulein + LPS + HRG. The animals received intraperitoneal injections of cerulein 7 times (100 μg/kg each) at 1-hour intervals to induce acute pancreatitis. Immediately after the first cerulein injection, PBS or HSA (20 mg/kg) or HRG (20 mg/kg) was intravenously injected into the tail vein. One hour after the last cerulein injection, PBS or LPS (5 mg/kg) was intravenously FIGURE 1. Typical photographs showing the pancreas and the liver by HE stain and the plasma concentrations of pancreatic and hepatic enzymes. A (pancreas), B (liver), before treatment and 7, 24, and 48 hours after the first cerulein injection. Cerulein was injected 7 times (100 μg/kg each). Scale bars, 100 μm. C, Serum concentrations of amylase, lipase, AST (aspartate animostransferase), and ALT (alanine animostransferase) at 7 hours after the first injection. **P < 0.01 vs sham. The results are presented as mean ± SEM of 5 mice. D, Tissue area/ total area ratio in pancreas pretreatment and 7, 24, and 48 hours after the first cerulein injection. *P < 0.05 and **P < 0.01 vs sham. The results are presented as mean ± SEM of 5 mice. 
Purification of HRG From Human Plasma
Human HRG was purified in our laboratory from human plasma supplied by the Japanese Red Cross Society. D-Phenylalanylarginyl chloromethyl ketone, aprotinin, leupeptin, benzylsulfonyl fluoride, benzamidine hydrochloride, and nafamostat mesylate as protease inhibitors were added to the human plasma, and the mixture was centrifuged twice at 10,000 rpm at 4°C. The supernatant was incubated with nickel-nitrilotriacetic acid agarose gel (Qiagen, Hilden, Germany) while being gently mixed for 2 hours at 4°C. The gel was then transferred into a column and washed with 50 mM imidazole in 10 mM Tris-buffered saline (TBS) (pH 8.0), 2 M NaCl in 10 mM TBS (pH 8.0), and 100 mM imidazole in 10 mM TBS (pH 8.0). Histidine-rich glycoprotein was eluted by 300 mM imidazole in 10 mM TBS (pH 8.0) from the gel. The extract was then loaded into a Mono Q column (GE Healthcare, Little Chalfont, United Kingdom) and further purified by NaCl gradient. The purified HRG was identified and collected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a western blot with antihuman HRG polyclonal antibody. The obtained human HRG was stored at −80°C.
Serum Concentrations of Amylase and Lipase
Seven hours after the first cerulein injection, mice were killed and blood samples were collected from the right ventricle. The samples were centrifuged at 12,000 g at 4°C, and serum concentrations of amylase and lipase were determined according to routine laboratory procedures by SRL (Tokyo, Japan).
Myeloperoxidase Activity of Mouse Lung Tissue
Twenty-four hours after the first cerulein injection, mice were killed and all lung tissue were harvested, quickly homogenized with the assay buffer and centrifuged at 12,000 g for 10 minutes at 4°C. The supernatants were collected and stored at −80°C. The myeloperoxidase activity in the supernatants was assayed using an myeloperoxidase (MPO) assay kit (Abcam, Cambridge, Mass) according to the manufacturer's instructions. Each value represents the relative level of that in the sham group.
Immunohistochemistry
Twenty-four hours after the first cerulein injection, blood was removed from mice of each group. Mice were killed and the upper lobes of the left lung were collected and fixed in 10% buffered formalin. The fixed lung was embedded in paraffin, and immunohistochemical staining for Gr-1 was performed on 5-μm sections with fluorescein isothiocyanate-labeled rat-derived antimouse Gr-1 monoclonal antibody (5 μg/mL) for 2 hours at room temperature. Gr-1-positive neutrophils were counted in the lung section at Â400 magnification under a fluorescent microscope.
Real-Time Quantitative Polymerase Chain Reaction
Eleven hours after the first cerulein injection, mice were killed and a part of the left lung was collected and immediately stored in RNAlater (Thermo Fisher, Waltham, Mass). Total RNA was extracted using an RNeasy Mini kit (Qiagen). Complementary DNA was synthesized with a Takara RNA polymerase chain reaction (PCR) kit, Version 3.0 (TAKARA BIO, Nagahama, Japan). cDNA was mixed with SYBR premix Ex Taq (TAKARA BIO) and sequence-specific primers. Real-time PCR reactions were performed with a LightCycler (Roche, Basel, Switzerland) according to the manufacturer's instruction. PCR amplification products were analyzed by a melting curve to ascertain the specificity of amplification. GAPDH expression was used to normalize cDNA levels.
Primer Sequence for Real-Time PCR Inducible nitric oxide synthase (iNOS) (NM010927) F-5′ GAT TTT GCA TGA CAC TCT TCA 3′, R-5′ GGA GCC ATA ATA CTG GTT GAT 3′; tumor necrosis factor α (TNF-α) (NM013693) F-5′ GAC CCT CAC ACT CAG ATC ATC CTT CT 3′, R-5′ GCG CTG GCT CAG CCA CTC 3′; interleukin 6 (IL-6) (NM031168) F-5′ GAC CTG TCT ATA CCA CTT CAC A 3′, R-5′ CTC TGG AAG TTT CAG ATT GTT 3′; neutrophil elastase (NM015779) F-5′ CTA CTG GCA TTG TTC CTG GGT G 3′, R-5′ GCT GAC ATG ACG AAG TTC CTG G 3′; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (NM008084) F-5′ TGA CGT GCC GCC TGG AGA AA 3′, R-5′ AGT GTA GCC CAA GAT GCC CTT CAG 3′ FIGURE 2. Changes in plasma levels of HRG in cerulein-induced pancreatitis and pancreatitis with endotoxemia. A, Plasma levels of HRG were determined before treatment and 7, 24, and 48 hours after the first cerulein injection by western blotting. B, Quantification of the results of western blotting. *P < 0.05 vs sham. The results are presented as mean ± SEM of 4 mice. C, Mice were intraperitoneally injected with cerulein (100 μg/kg each) 7 times at 1-hour intervals, and LPS (5 mg/kg) was intravenously injected 1 hour after the last cerulein injection. Plasma levels of HRG were determined before treatment and 7, 24, and 48 hours after the first cerulein ingestion by western blotting. D, Quantification of the results of western blotting. *P < 0.05 and **P < 0.01 vs sham. The results are presented as mean ± SEM of 4 mice.
Western Blot Analysis for HRG
Each 0.5 μL of plasma sample was electrophoresed on a polyacrylamide gel (10%) and transferred onto a polyvinylidene diflouride membrane (Bio-Rad, Hercules, Calif ) for 150 minutes at 90 V. The membrane was then stained with SYPRO Ruby (Life Technologies, Carlsbad, Calif ) and blocked with 20% skim milk for 60 minutes. The membrane was reacted with a rabbit-derived antihuman HRG polyclonal primary antibody (2.1 μg/mL) overnight at 4°C and washed 1 time with PBS. After washing, the membrane was reacted with peroxidase-labeled antirabbit IgG secondary antibody with 1000-fold dilution for 120 minutes at room temperature and washed 4 times with washing buffer. The bands were detected using Western blotting detection reagents (Pierce Biotechnology, Rockford, Ill).
Tissue Area/Total Area Ratio in Pancreas
Mice were killed 7, 24, or 48 hours after the first injection of cerulein. The pancreases were collected and fixed in 10% buffered formalin. The fixed pancreas was embedded in paraffin and sliced into 5-μm section. After hematoxylin-eosin (HE) staining, tissue area/total area ratio in pancreas was evaluated using ImageJ Version 1.51 (NIH, Bethesda, Md).
Statistical Analysis
All data were evaluated by one-way analysis of variance, followed by Dunnett test. The statistical differences between paired groups were determined using the Student's t-test. All data are presented as the mean ± standard error (SEM). P values of less than 0.05 were considered significant.
RESULTS
Condition of the Pancreas and the Plasma Levels of Pancreatic or Hepatic Enzymes in the Mouse Acute Pancreatitis Model
No animal died in the experimental period between the first injection and time of killing. At first, we used 5 mice for cerulein administration without the addition of LPS. The 7 hourly intraperitoneal injections of cerulein provoked severe pancreatitis at 7 hours after the first injection of cerulein. Degeneration of pancreatic acinar cells and extensive interstitial edema were observed by light microscopy (Figs. 1A, D) . The histological damage gradually recovered thereafter. In the liver, the diffuse cell swelling was observed at 7 hours, which disappeared at 24 and 48 hours (Fig. 1B) .
The serum concentrations of amylase and lipase increased markedly 7 hours after the first cerulein injection, at 3.6 and 6.9 times those of the pretreatment group, respectively (Fig. 1C) . Likewise, the plasma concentrations of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were 4.6 and 5.9 times those of the pretreatment group, respectively (Fig. 1C) .
Time-Series Variation of Plasma HRG Levels in Acute Pancreatitis With or Without Endotoxemia
Before, 7, 24, and 48 hours after the first injection of cerulein time-series variation of plasma HRG levels in acute pancreatitis with or without endotoxemia were performed in each 4 mice. The western blot analysis revealed changes in the plasma level of HRG at 7 hours after the first injection. The HRG level decreased to 61% of that in the intact animals. The level then (Figs. 2A, B) . We did not observe lung injury in this animal model. The exogenous administration of HRG did not result in recovery of the damage in the pancreas. We therefore used an animal model of pancreatitis combined with LPS administration. Seven hours after the first injection of cerulein, the HRG level decreased to 71% of that in the intact group. The level further decreased to 40% of the basal level 24 hours after the first injection, and it tended to recover thereafter (Figs. 2C, D) .
The Effects of HRG on Lung Inflammation in Severe Acute Pancreatitis
Eleven hours after the first injection of cerulein, the treatment with cerulein alone did not change the expressions of mRNA of iNOS, IL-6, TNF-α, and neutrophil elastase compared with those of the sham group. The administration of LPS alone facilitated the expression of mRNA examined. The simultaneous administration of cerulein and LPS markedly increased the expression of mRNA, particularly IL-6 and neutrophil elastase mRNA. An injection of HRG immediately after the first cerulein injection reduced the FIGURE 6. Effects of HRG on pancreas in severe acute pancreatitis. A, Pancreas section with HE stain 24 hours after the first of 7 injections of cerulein (100 μg/kg each). Scale bars, 100 μm. B, Tissue area/total area ratio in pancreas was evaluated 24 hours after the first of 7 injections of cerulein (100 μg/kg each). *P < 0.05 vs sham. The results are presented as mean ± SEM of 5 mice. C, Serum concentrations of lipase at 24 hours after the first injection. *P < 0.05 and **P < 0.01 vs sham. The results are presented as mean ± SEM of 5 mice.
expression of mRNA, whereas the HSA treatment did not affect it (Fig. 3) .
Twenty-four hours after the first injection of cerulein, the immunohistochemical staining for Gr-1 showed changes in the number of neutrophils similar to those in mRNA expression. Treatment with cerulein did not increase the number of neutrophils in the lung 24 hours after the first injection. An injection of LPS alone increased the neutrophil number. The addition of LPS to cerulein increased the number, although the extent of the increase was similar to that in the LPS-alone group. The HRG treatment decreased the number of neutrophils to 71%, whereas HSA did not suppress it (Figs. 4A-C) .
A series of treatments with cerulein increased myeloperoxidase activity slightly 24 hours after the first injection, and the LPS injection alone facilitated it as well. The addition of LPS to the cerulein treatment markedly increased the myeloperoxidase activity. The HSA treatment suppressed the increased activity caused by both agents, whereas HSA showed no effects (Fig. 5) .
The Effects of HRG on Pancreas and Liver in Severe Acute Pancreatitis
Histidine-rich glycoprotein did not significantly ameliorate the pancreatic damage when we observed the pancreatic tissue histologically at 24 hours after the first injection of cerulein (Figs. 6A, B) . In addition, HRG did not reduce the activity of lipase in serum (Fig. 6C) , suggesting the lack of effects of exogenous HRG on the severity on pancreatitis. In addition, HRG did not produce any significant effects on the liver injury judging from histological examination as well as serum transaminases (Figs. 7A, B) .
DISCUSSION
We observed a decrease in the plasma HRG level in acute pancreatitis with or without endotoxin. The exogenous addition of HRG suppressed the increased activity of neutrophils as well as the expression of mRNA of proinflammatory cytokines.
The supramaximal stimulation of acinar cells by cerulein, a cholecystokinin analog, inhibits digestive enzyme secretion through cholecystokinin receptors. This leads to premature activation of digestive enzymes inside acinar cells, resulting in acute pancreatitis. 1, 7 An imbalance between the production and secretion of these digestive enzymes is involved in the pathogenesis of acute pancreatitis.
1 When the production is excess relative to the secretion, the enzymes are released to systemic circulation, which increases the activities of amylase and lipase in the blood. 2 The degeneration of acinar cells, interstitial edema, and inflammatory cell infiltration that we observed in the present study are consistent with those reported in previous studies. 7, 25 We observed that the plasma concentrations of AST and ALT were increased 7 hours after the first injection of cerulein, as were those of amylase and lipase. Liver injury identified 7 hours after the first cerulein injection may be one of systemic complications or remote effects in this animal model.
The plasma concentration of HRG was decreased 7 hours after the induction of acute pancreatitis in this model. Similar findings were observed in our previous study, in which cecal ligation puncture was applied in mice. 6 The plasma concentration of HRG was decreased at 24 hours after puncture, and a supplemental administration of HRG inactivated neutrophil functions and ameliorated the prognosis of the septic animals. 6 The decrease in the HRG level was enhanced and sustained when an injection of LPS was added to this animal model of pancreatitis in the present study. Histidine-rich glycoprotein seems to be consumed to prevent the unnecessary activation of inflammatory cells in pancreatitis with infection.
In our previous study, 6 treatments of human neutrophils with 1 μM of HRG changed the shape of the neutrophils. The irregular surface became spherical in shape, and the diameter was shortened. Functional changes in adhesion and passage were also observed: suppression of adhesion on the vascular wall and a down-regulation of reactive oxygen species (ROS) production. Neutrophils treated with HRG readily passed through slits composed of capillaries, without being trapped. A loss of microvilli on the surface of neutrophils observed by scanning electron microscopy may be a mechanism underlying these morphological and functional changes in neutrophils. 6 In the present investigation, we observed a decrease in the number of Gr-1-positive cells in the lung by HRG treatment. Likewise, the changes in MPO activity were in good agreement with those in the number of neutrophils. In an in vivo study, a depletion of peripheral neutrophils by antineutrophil antibody was effective to prevent lung injury caused by acute pancreatitis. 26 In that study, the antibody depressed both neutrophil infiltration and MPO activity. 26 Although the precise mechanism responsible for the decrease in the HRG level is unclear, the decreased activity of HRG may enhance the adhesion of neutrophils to microcapillaries in the lung, and the administration of HRG seems to prevent neutrophil toxicity to harm tissues.
We observed the lungs 24 hours after the first injection of cerulein. Considering that the expression of mRNA of neutrophil elastase was detected as early as that of proinflammatory cytokines, the activation of neutrophils seems to be rather rapid, and HRG suppressed the expression of mRNA of neutrophil elastase in the early phase.
The stimulation of cholecystokinin receptors generates ROS by NADPH oxidase, which produces proinflammatory cytokines and causes neutrophil recruitment and adhesion to capillary endothelial cells. 27 In addition to these inflammatory reactions, ROS plays a role in inducing apoptosis in pancreatic acinar cells. 28 Cerulein has been shown to promote DNA fragmentation mediated by an increase in the intracellular Ca 2+ concentration. 29 However, the effects of HRG on apoptotic mechanisms remain unclear, as do the effects of HRG on mononuclear cells.
Because the present animal model well reflects general morphological features in acute pancreatitis, it is probable that HRG prevents the development of lung injury caused by acute pancreatitis. Considering that no treatment is currently available for progressive systemic inflammatory diseases, our findings regarding HRG may give rise to new ideas for therapeutic intervention.
